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ABSTRACT
The aim of this study was to test the hypothesis that consuming manuka honey, which
contains antimicrobial methylglyoxal, may affect the gut microbiota. We undertook a
mouse feeding study to investigate whether dietary manuka honey supplementation
altered microbial numbers and their production of organic acid products from
carbohydrate fermentation, which are markers of gut microbiota function. The caecum
of C57BL/6 mice fed a diet supplemented with antimicrobial UMF R© 20+ manuka
honey at 2.2 g/kg animal did not show any significantly changed concentrations of
microbial short chain fatty acids as measured by gas chromatography, except for
increased formate and lowered succinate organic acid concentrations, compared to
mice fed a control diet. There was no change in succinate-producing Bacteroidetes
numbers, or honey-utilising Bifidobacteria, nor any other microbes measured by real
time quantitative PCR. These results suggest that, despite the antimicrobial activity
of the original honey, consumption of manuka honey only mildly affects substrate
metabolism by the gut microbiota.
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INTRODUCTION
New Zealand manuka (Leptospermum spp.) honey is renowned for its antimicrobial
activity, primarily attributed to methylglyoxal (MGO) (Kwakman et al., 2010). MGO
alone or in manuka honey is a potent antimicrobial compound in vitro (Ferguson et al.,
1998; Kwakman et al., 2010; Lu et al., 2013). Consumption of manuka honey may deliver
antimicrobial MGO, prebiotic honey oligosaccharides or bioactive phytochemicals to the
gut. We do not know if consuming high doses of manuka honey affects gut bacterial
populations in vivo. The role of the commensal microbiota in human health is becoming
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increasingly well documented (Jones, 2013). To determine whether daily consumption of
high relative doses of manuka honey adversely affects the function of the gut microbiota
in healthy individuals, a feeding study was conducted using an established C57BL/6 mouse
animal model of gut microbial function (Shu & Gill, 2002).
MATERIALS & METHODS
Animal feeding study
This animal feeding study was approved by the AgResearch Grasslands Animal Ethics
Committee, Palmerston North, NZ, Ethics Application 11163. It was carried out in the
Food Evaluation Unit, Plant & Food Research, Palmerston North, under conventional
housing conditions with healthy male C57BL/6J mice fed AIN-76A diet and drinking water
ad libitum.
After 1 week of adaptation (approx. 5–6 weeks old), 40 mice were randomly assigned to
either control or treatment groups (n= 20) and fed the experimental diets for 28 days. The
treatment diet was AIN-76A supplemented with UMF R© 20+manuka honey (Comvita NZ
Ltd., Paengaroa, NZ) (15.0 g/kg diet), replacing a part of the sucrose component of the
diet. This honey value was chosen based on the amount of honey used elsewhere (Nasuti
et al., 2006) where, at an estimated 3 g diet consumed/day/animal, would equate to 45 mg
manuka honey consumed/day/animal, or with 20 g mice, 2.2 g/kg animal. This same batch
of manuka honey has been previously determined to be antimicrobial in vitro (Rosendale
et al., 2008), and possesses an MGO concentration of 610 mg/kg, equating to 8 mM MGO
in the honey; 0.12 mM in the diet.
Mice were checked daily and weighed three times per week. Food consumption was
recorded weekly throughout the trial. After 28 days of feeding, the mice were killed via
CO2 asphyxiation and the caecum, a well-defined anatomic structure at the entrance to the
colon harbouring a dense (1011–1012 cells/mL contents) microbiota (Rawls et al., 2006),
was removed, snap-frozen in liquid nitrogen, and stored at −80 ◦C until use.
Organic acid analysis
Organic acids from the caecum digesta were extracted into diethyl ether and analysed in
duplicate using a Shimadzu gas chromatograph equipped with a flame ionisation detector
(GC-FID) (Shimadzu Scientific Instruments Pty Ltd., Australia), as described previously
(Paturi et al., 2010).
Microbial quantification
Caecal microbial DNA was extracted and used as a template for absolute microbial
quantification by real time (RT)-qPCR using a standard SYBR-green based assay and
a Roche Lightcycler 480 (Roche Diagnostics GmbH, Werk Penzberg, Germany) in
triplicate, with standard primers (Bacteroides/Prevotella/Porphyromonas spp. F: GGT-
GTCGGCTTAAGTGCCAT, R: CGGA(C/T)GTAAGGGCCGTGC; Bifidobacteria spp. F:
TCGCGTC(C/T)GGTGTGAAAG,R:CCACATCCAGC(A/G)TCCAC;Clostridium perfrin-
gens group F: ATGCAAGTCGAGCGA(G/T)G, R: TATGCGGTATTAATCT(C/T)CCTTT;
Lactobacillus spp. F: CGATGAGTGCTAGGTGTTGGA, R: CAAGATGTCAAGACCTG-
GTAAG), exactly as described previously (Paturi et al., 2010).
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Table 1 Body weight, food intake, caecal organic acids measured by gas chromatography with flame
ionisation detection, and caecal bacterial populations measured by real time quantitative PCR, from
C57BL/6 mice fed control or manuka honey-supplemented diets.
Parametera Control diet Manuka honey diet
Body weight (g) 24.74± 0.35 24.77± 0.30
Food intake (g/day) 3.65± 0.03 3.67± 0.03
Caecal short chain fatty acid concentrations (µmol/g wet weight caecal digesta)
Formate 0.45± 0.31 2.20± 1.01 *
Acetate 11.60± 0.81 11.61± 0.75
Propionate 3.54± 0.25 3.42± 0.26
Butyrate 2.57± 0.35 2.92± 0.26
Iso-butyrate 0.18± 0.13 0.14± 0.10
Lactate 0.49± 0.49 0.35± 0.35
Succinate 2.13± 0.82 0.85± 0.42 *
Caecal microbiota (log10 CFU/g wet weight caecal digesta)
Bacteroides-Prevotella-Porphyromonas group 10.84± 9.96 10.80± 9.80
Bifidobacterium spp. 9.96± 9.39 9.73± 9.05
Lactobacillus spp. 9.97± 9.13 9.86± 9.02
Clostridium perfringens group 8.80± 7.62 8.78± 7.56
E.coli spp. 7.12± 6.62 7.13± 6.67
Notes.
aValues presented as means± standard error of the means (SEM)(n = 20) calculated using Microsoft Excel 2007. Analyses of
variance (Genstat Release 8.2, Lawes Agricultural Trust, Rothamsted Experimental Station) were used to calculate the least sig-
nificant difference (LSD) at P = 0.05, with measurement significantly different from control diet marked with *.
RESULTS AND DISCUSSION
There were no significant (P < 0.05) differences in food intake or weight gain data between
control and manuka honey-fed animals (Table 1).
We consider changes in the organic acid by-products of microbial fermentation as
biomarkers ofmicrobial function (Rosendale et al., 2011).Which organic acids are produced
depends upon which microbiota members are present, which organic acid pathways they
possess and need to use for redox balance, and which substrates they can utilise (Louis et al.,
2007). Thus, organic acids were measured by GC-FID. There were no significant (P < 0.05)
changes in the levels of the predominant short chain fatty acids acetate, propionate or
butyrate, nor the organic acid lactate or the protein fermentation by-product iso-butyrate
(Table 1). There was a significant (P < 0.05) increase in formate and decrease in succinate
in manuka honey-fed animals, despite high relative inter-animal variation (Table 1). We
investigated these acids further. In the absence of stable isotope labels to find the origins
of these acids, we chose to look at selected microbial groups which possess the relevant
pathways. Formate is almost ubiquitously produced from pyruvate by the gut microbiota.
Increased formate concentration may arise from increased production, or from decreased
conversion to CO2 ormethane (neithermeasured here). Succinatemay be produced and/or
utilised as an intermediate from phospho-enol-pyruvate (PEP) or pyruvate via oxaloacetate
in a propionate-formation pathway by Bacteroidetes and some Negativicutes (Reichardt
et al., 2014). The succinate pathway is one of three leading to propionate production.
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Given that propionate levels were unchanged, we considered whether changed numbers
of the bacteria possessing these different pathways was responsible for changed succinate
concentrations. Thus we measured succinate pathway-using caecal Bacteroidetes numbers
by RT-qPCR. No significant changes in Bacteroidetes numbers were evident (Table 1). We
concede that next generation sequencing-based phylogenetic analysis of the microbiota
may have revealed changes within populations, or recorded changes in other groups
comprising the microbiota (such as succinate-utilising Negativicutes, or acrylate pathway
or propanediol pathway users) which were not considered here. In addition, we belatedly
became aware that the Bacteroidales family S24-7 do produce propionate and succinate,
and are highly (up to 6% in 50% of animals) abundant in the mouse gut (Ormerod et
al., 2016). Unfortunately, we believe that the primers we used are unlikely to target S24-7
members based on our comparison with the Bacteroidales bacterium H10 draft genome
(from the uncultured Bacteroidales family S24-7 from human gut metagenomic reads;
GI: 1050315132, https://www.ncbi.nlm.nih.gov/nuccore/?term=Bacteroidales 20S24-7
accessed 02 November 2016).
We considered the role that MGO may play, should it reach the caecum. Conceivably,
exogenous MGO may enter the methyglyoxal shunt to pyruvate, bypassing PEP, glycolysis
and the consequent requirement for NAD+ regeneration by formation of lactate or acetate
(Wolfe, 2005), and pyruvate may in turn be converted directly to formate, consistent with
our data. The methylglyoxal shunt is common to gut anaerobes such as bifidobacteria.
Additionally, very low levels of prebiotic honey oligosaccharidesmay have escaped digestion
(Sanz et al., 2005), and we have previously shown that Bifidobacteria responds positively to
manuka honey in vitro (Rosendale et al., 2008). Hence, wemeasured caecal bifidobacteria by
RT-PCR (Paturi et al., 2010), but no significant changes in numbers were evident (Table 1).
Finally, for the sake of completeness, we examined other commonly measured caecal
microbial groups such as Lactobacillus, known to respond to manuka honey (Rosendale et
al., 2008); E. coli, known to be inhibited by manuka honey (Lu et al., 2013; Rosendale et al.,
2008), and the Clostridium perfringens group (Paturi et al., 2010), representing commensal
Gram positive gut microbiota known to be inhibited by manuka honey (Hammond &
Donkor, 2013), using RT-qPCR (Paturi et al., 2010) but no significant changes in numbers
were evident (Table 1).
Overall, the effects on gut microbial activity were minimal at the concentration of honey
tested. There were some effects on formate and succinate production, but we found no
impact on the numbers of some relevant microbial groups, or other less directly-relevant
groups. Further investigation with stable isotope labelling, organic acid uptake flux analyses
(Den Besten et al., 2014) or detailed phylogenetic analyses using next generation sequencing
may shed light here, although in light of the current findings we do not consider them to
be justified (Hanage, 2014).
A final comment relates to dose and delivery of honey constituents to the caecum.
This manuka honey delivers ∼0.12 mM MGO in the diet, less than half of the 0.3 mM
reportedly required to exhibit inhibitory effects against E. coli (Ferguson et al., 1998). Higher
concentrations might be required for the exhibition of antimicrobial effects against the gut
microbiota, especially given that losses and dilution would be expected during oral, gastric
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and small intestinal digestive processes. However, this feeding study allowed consumption
of 2.2 g manuka honey per kg animal weight. Consuming 2.2 g honey per kg bodyweight
equates to a 70 kg human consuming at least 150 g of this manuka honey per day, which
is a substantial quantity of premium-priced honey; a daily amount unlikely to be achieved,
nor sustained for 28 days, by even the most avid manuka honey afficionado.
ACKNOWLEDGEMENTS
We thank Alison Wallace, Tafadzwa Nyanhanda, Harry Martin and Gunaranjan Paturi of
Plant & Food Research, NZ, and Wayne Young of AgResearch, Grasslands, Palmerston
North, NZ, for their assistance and advice in the design and completion of the animal
feeding trial.
ADDITIONAL INFORMATION AND DECLARATIONS
Funding
D.R. received a PhD stipend under the ‘‘Foods for Helicobacter pylori’’ programme funded
by the NZ Ministry of Business, Innovation and Employment (Contract No. C02X0402).
The programme had some co-investment from Comvita New Zealand Ltd. The funders
had no role in study design, data collection and analysis, decision to publish, or preparation
of the manuscript.
Grant Disclosures
The following grant information was disclosed by the authors:
NZ Ministry of Business, Innovation and Employment: C02X0402.
Comvita New Zealand Ltd.
Competing Interests
The authors declare there are no competing interests.
Juliet Ansell is an employee of Zespri International Limited.
Author Contributions
• Doug Rosendale conceived and designed the experiments, performed the experiments,
analyzed the data, contributed reagents/materials/analysis tools, wrote the paper,
prepared figures and/or tables, reviewed drafts of the paper.
• Christine A. Butts conceived and designed the experiments, wrote the paper, reviewed
drafts of the paper, obtained ethical approval.
• Cloe Erika de Guzman performed the experiments, analyzed the data, prepared figures
and/or tables, reviewed drafts of the paper.
• Ian S. Maddox conceived and designed the experiments, analyzed the data, reviewed
drafts of the paper.
• Sheridan Martell and Hannah Dinnan performed the experiments, reviewed drafts of
the paper.
• LynnMcIntyre andMargot A. Skinner conceived and designed the experiments, analyzed
the data, wrote the paper, reviewed drafts of the paper.
Rosendale et al. (2016), PeerJ, DOI 10.7717/peerj.2787 5/7
• Juliet Ansell conceived and designed the experiments, analyzed the data, contributed
reagents/materials/analysis tools, wrote the paper, reviewed drafts of the paper.
Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):
This animal feeding study was approved by the AgResearch Grasslands Animal Ethics
Committee, Palmerston North, NZ, Ethics Application 11163.
Data Availability
The following information was supplied regarding data availability:
The raw data has been supplied as a Supplementary File.
Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.2787#supplemental-information.
REFERENCES
Den Besten G, Havinga R, Bleeker A, Rao S, Gerding A, Van Eunen K, Groen AK, Rei-
jngoud DJ, Bakker BM. 2014. The short-chain fatty acid uptake fluxes by mice on a
guar gum supplemented diet associate with amelioration of major biomarkers of the
metabolic syndrome. PLoS ONE 9:e107392 DOI 10.1371/journal.pone.0107392.
Ferguson GP, Tötemeyer S, MacLeanMJ, Booth IR. 1998.Methylglyoxal pro-
duction in bacteria: suicide or survival? Archives of Microbiology 170:209–218
DOI 10.1007/s002030050635.
Hammond EN, Donkor ES. 2013. Antibacterial effect of manuka honey on Clostridium
difficile. BMC Research Notes 6:188–188 DOI 10.1186/1756-0500-6-188.
HanageWP. 2014.Microbiology: microbiome science needs a healthy dose of scepticism.
Nature 512:247–248 DOI 10.1038/512247a.
Jones S. 2013. Trends in microbiome research. Nature Biotechnology 31:277–277
DOI 10.1038/nbt.2546.
Kwakman PH, Te Velde AA, De Boer L, Speijer D, Vandenbroucke-Grauls CM, Zaat
SA. 2010.How honey kills bacteria. FASEB Journal 24:2576–2582
DOI 10.1096/fj.09-150789.
Louis P, Scott KP, Duncan SH, Flint HJ. 2007. Understanding the effects of diet
on bacterial metabolism in the large intestine. Journal of Applied Microbiology
102:1197–1208 DOI 10.1111/j.1365-2672.2007.03322.x.
Lu J, Carter DA, Turnbull L, Rosendale D, Hedderley D, Stephens J, Gannabathula
S, Steinhorn G, Schlothauer RC,Whitchurch CB, Harry EJ. 2013. The effect of
New Zealand kanuka, manuka and clover honeys on bacterial growth dynamics
and cellular morphology varies according to the species. PLoS ONE 8:e55898
DOI 10.1371/journal.pone.0055898.
Rosendale et al. (2016), PeerJ, DOI 10.7717/peerj.2787 6/7
Nasuti C, Gabbianelli R, Falcioni G, Cantalamessa F. 2006. Antioxidative and gastropro-
tective activities of anti-inflammatory formulations derived from chestnut honey in
rats. Nutrition Research 26:130–137 DOI 10.1016/j.nutres.2006.02.007.
Ormerod KL,Wood DLA, Lachner N, Gellatly SL, Daly JN, Parsons JD, Dal’Molin
CGO, Palfreyman RW, Nielsen LK, Cooper MA, MorrisonM, Hansbro PM,
Hugenholtz P. 2016. Genomic characterization of the uncultured Bacteroidales
family S24-7 inhabiting the guts of homeothermic animals.Microbiome 4:36
DOI 10.1186/s40168-016-0181-2.
Paturi G, Butts C, Monro J, Nones K, Martell S, Butler R, Sutherland J. 2010. Cecal and
colonic responses in rats fed 5 or 30% corn oil diets containing either 7.5% broccoli
dietary fiber or microcrystalline cellulose. Journal of Agricultural and Food Chemistry
58:6510–6515 DOI 10.1021/jf100296m.
Rawls JF, MahowaldMA, Ley RE, Gordon JI. 2006. Reciprocal gut microbiota trans-
plants from zebrafish and mice to germ-free recipients reveal host habitat selection.
Cell 127:423–433 DOI 10.1016/j.cell.2006.08.043.
Reichardt N, Duncan SH, Young P, Belenguer A, McWilliam Leitch C, Scott KP,
Flint HJ, Louis P. 2014. Phylogenetic distribution of three pathways for propi-
onate production within the human gut microbiota. ISME Journal 8:1323–1335
DOI 10.1038/ismej.2014.14.
Rosendale DCA, Roy N, VetharaniamNI. 2011. Opportunities for predictive modelling
and gut health: conceptually exploring an in silico tool for quantifying the benefits of
dietary fibre consumption. Agro FOOD Industry Hi Tech 22:18–23.
Rosendale DI, Maddox IS, Miles MC, Rodier M, Skinner M, Sutherland J. 2008.
High-throughput microbial bioassays to screen potential New Zealand functional
food ingredients intended to manage the growth of probiotic and pathogenic
gut bacteria. International Journal of Food Science and Technology 43:2257–2267
DOI 10.1111/j.1365-2621.2008.01863.x.
SanzML, Polemis N, Morales V, Corzo N, Drakoularakou A, Gibson GR, Rastall
RA. 2005. In vitro investigation into the potential prebiotic activity of honey
oligosaccharides. Journal of Agricultural and Food Chemistry 53:2914–2921
DOI 10.1021/jf0500684.
Shu Q, Gill HS. 2002. Immune protection mediated by the probiotic Lactobacillus rham-
nosus HN001 (DR20) against Escherichia coli O157:H7 infection in mice. FEMS Im-
munology and Medical Microbiology 34:59–64 DOI 10.1016/S0928-8244(02)00340-1.
Wolfe AJ. 2005. The acetate switch.Microbiology and Molecular Biology Reviews 69:12–50
DOI 10.1128/MMBR.69.1.12-50.2005.
Rosendale et al. (2016), PeerJ, DOI 10.7717/peerj.2787 7/7
